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BACKGROUND OF THE INVENTION 

This invention relates to an oxidative reactor and method for forming 
oxidized salts from reduced salts. More particularly, this invention relates to an 
oxidative reactor providing high rates of oxygen transfer for oxidizing salts, such as 
calcium, sodium, magnesium and/or ammonium sulfite and iron salts, to their 
oxidized forms, and methods of using that reactor. 

As power utilities and manufacturing plants increase the use of pollution 
control equipment to meet the emission standards of the Clean Air Act, the volume 
of flue gas desulfurization by-products is increasing. Those by-products must be 
disposed of according to the requirements of the Resource Conservation and 
Recovery Act (RCRA). RCRA requires that waste products are disposed of in 
ponds or landfills according to certain specified standards. The disposal of such by- 
products in those landfills and ponds is becoming more difficult because the volume 
of wastes continues to increase. Furthermore, as liner and groundwater monitoring 
requirements become more stringent, the cost of disposing of those by-products as 
wastes is rising rapidly. Consequently, many power utilities and manufacturing 
plants are seeking alternate' routes for the disposal of flue gas desulfurization by- 
products. In particular, those plants are seeking efficient, cost-effective equipment 
and methods for converting such by-products into useful recycled materials. Such 
equipment and methods can not only help to avoid the regulatory requirements of 
RCRA, but the sale of such recycled materials can partially offset the costs of 
purchasing and operating pollution control equipment. 
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Most FGD processes utilize a basic absorbent to remove sulfur by-products 
from combustion. The most common of these FGD systems use alkaline earth metal 
compounds, calcium, magnesium, and sodium, or ammonia, as the absorbents. 
These absorbents form the corresponding sulfite salt in the FGD process. Most of 
these FGD processes eventually produce calcium sulfite or calcium sulfate as the 
final waste produce. This waste product may also contain some of sodium or 
magnesium sulfite or sulfate salts. To a lesser extent ammonium and magnesium 
sulfite salts are produced individually. Calcium sulfite is not readily reusable in 
manufacturing processes, however, so it is disposed of in landfills or oxidized, 
either in-situ or ex-situ, to calcium sulfate. The other sulfite salts, such as sodium, 
ammonium and/or magnesium sulfites can also be oxidized. Such sulfite salts also 
present disposal problems. However, calcium, magnesium, and ammonium sulfate 
salts all have some commercial value associated with them. 

For many power utilities and manufacturing plants, adding pollution control 
equipment to effect the conversion of flue gas desulfurization by-products into 
useful products requires some modification of the existing pollution control process. 
Such modification of the scrubber systems typically includes the addition of 
equipment to oxidize sulfites to sulfates (for example, oxidizing calcium sulfite to 
calcium sulfate (gypsum)), in-situ or ex-situ, followed by the precipitation and/or 
dewatering of the sulfate salt. The ex-situ equipment currently in use is a tower 
with coarse air bubble diffusers. Oxidizing towers are typically inefficient because 
they have large water columns. To generate sufficient air pressure and volume to 
form bubbles to oxygenate the water column, large air compressors are required. 
Such large compressors generate significant heat, which is transferred to the water 
column through the diffusers. As the water temperature increases, the solubility of 
oxygen decreases, thereby decreasing the efficiency of the oxidation process. The 
oxidation of sulfite salts to sulfate salts in these towers also heats the water column, 
which further decreases the solubility of oxygen. To counteract these heating 
effects, air/water heat exchangers or humidifiers are used to cool the compressed air 
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prior to injection into the tower. The requirement for heat exchangers or 
humidifiers markedly increases the operating costs of such equipment. 

A related disadvantage of current oxidation tower designs is that the diffusers 
are prone to clogging as scale forms around the apertures in the diffusers. In 
particular, diffusers have small apertures can be quickly clogged and rendered 
inoperable. To overcome such problems, diffusers are designed with large 
apertures. While large apertures are less prone to clogging, they have the resultant 
disadvantage of producing the above-noted large gas bubbles with low surface to 
volume ratios. Such large bubbles inefficiently transfer oxygen to the surrounding 
liquid. To overcome that problem, the volume of air bubbling through the tower 
must be increased, which requires larger compressors. A further problem with such 
tower designs is that the hydrostatic head pressure markedly changes as the bubbles 
rise in the column. Consequently, as the bubbles rise, they expand and their surface 
area to volume ratio decreases, as does the rate of oxygen transfer to the 
surrounding liquid. The oxidation rate of sulfite to sulfate also decreases. 

In summary, current tower designs are energy-intensive because they require 
large air volumes to provide sufficient aeration to oxidize sulfite salts to their sulfate 
forms. The coarse air bubble diffusers used in those designs fail to efficiently 
oxidize sulfites because they generate large bubbles with small surface area to 
volume ratios, and thereby effect low rates of oxygen transfer. Furthermore, those 
designs, when modified to produce small bubbles, are subject to clogging scale 
buildup which requires frequent maintenance. To overcome the deficiencies of 
current tower designs, a reactor is needed that provides a high rate of oxidation of 
sulfite salts to their sulfate forms while preventing the formation of scale on the 
aerators. Such a reactor should provide a high rate of oxygen transfer via fine 
bubbles of an oxygen-containing gas that have a large surface area to volume ratio 
to enhance the oxygen-transfer to the surrounding liquid, yet remain free of scale 
buildup that interferes with the dispensing of fine bubbles. 
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SUMMARY OF THE INVENTIONS 

In accordance with the present inventions, an oxidative reactor with a fine 
bubble generator provides a high rate of oxygen transfer to oxidize reduced salts to 
their oxidized forms. The bubble generator introduces a stream of fine bubbles of 
an oxygen-containing gas into a solution containing one or more reduced salts. 
Such a solution can be, for example, an aqueous slurry of a reduced salt (e.g. 
calcium sulfite), a sulfite salt dissolved in an aqueous solution (e.g. ammonium 
sulfite or iron sulfate), and/or a dissolved salt in equilibrium with a slurry. A mixer 
distributes those bubbles into the solution to effect a high rate of oxygen transfer to 
that solution. As the reduced salt reacts with the oxygen, it is oxidized. 
Advantageously, a washer can optionally prevent the deposition of solids, such as 
sulfate salts and scale, on the fine bubble generator and aids in removing such solids 
from that generator. The oxidative reactor can be operated in either continuous or 
batch modes. A system of one or more oxidative reactors, connected in series 
and/or in parallel, can be provided to facilitate the oxidation of reduced salts and/or 
to allow individual reactors to be taken off-line for maintenance and/or repair. 

In accordance with another aspect, a method is provided for rapidly forming 
oxidized salts from their reduced forms. A flow of fine bubbles of an oxygen- 
containing gas, produced by a fine bubble generator, is delivered to an aqueous 
solution containing one or more reduced salts. Mixing the bubbles into the aqueous 
solution provides a high rate of oxygen transfer to that solution to support a high 
rate of oxidation of reduced salt to its oxidized form. Advantageously, any solids 
that accumulate on the fine bubble generator during sulfate formation are optionally 
cleaned from that generator so that the generator remains substantially free of such 
solids. 

Among the objects disclosed herein is that the oxidative reactor has a fine 
bubble generator that supports a high rate of transfer of an oxygen-containing gas to 
a solution containing a reduced salt. 
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Among the further objects disclosed is that the oxidative reactor optionally 
includes a washer that prevents the deposition of solids on the fine bubble generator 
and aids in removing such solids that form on the generator. 

Among the further objects disclosed is a system of oxidative reactors that can 
be operated in series or in parallel for the continuous or batch processing of reduced 
salts, to allow individual reactors to be taken off-line for maintenance or repair, and 
to allow regulation of the system according to the amount of reduced salt being 
processed. 

Among the further objects disclosed is a method of oxidizing sulfite salts to 
sulfates via high rates of oxygen transfer to an aqueous solution containing 
suspended sulfite salts. 

Additional objects and advantages will become apparent to those skilled in 
the art upon examination of the following description, figures and claims. 

DESCRIPTION OF THE DRAWINGS 

Figure 1 is a side view of one embodiment of the reactor with portions of the 
tank wall cut away; 

Figure 2 is a side view of an embodiment that includes a gas transfer 
mechanism; 

Figure 3 is a side view of a second embodiment of the reactor with portions 
of the tank wall cut away; 

Figure 4 is a side view of a third embodiment of the reactor; 

Figures 5a and 5b are flow diagrams of a series of reactors; and 

Figure 6 is a side view of an embodiment of a reactor with portions of the 
sidewall cut away. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring to Figure 1, there is generally indicated a single cell embodiment 
of a reactor for oxidizing reduced salt to their oxidized forms. The reactor 10 
includes a liquid-holding tank 15. As illustrated, the tank 15 has a generally 
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rectangular or circular configuration and is defined by sidewalls 12 and bottom wall 
14. Other configurations of tank 15 are also possible. Preferably, the top of tank 15 
is open to accommodate high rates of aeration and to cool the reactor by allowing 
liquid to evaporate and heat otherwise to dissipate. 

Tank 15 is constructed of any suitable material for containing aqueous 
reduced salt and their oxidized forms. For example, tank 1 5 is constructed from a 
chemically-resistant material, such as stainless steel or fiberglass, that is resistant to 
the corrosive effects of chlorine, sulfite salts, sulfate salts and/or acids. Tank 15 can 
also be constructed so that it has a chemically-resistant coating, such as an 
elastomer-covered mild steel. Other suitable chemically-resistant coatings include 
rubber, polyurethane, TEFLON® (polytetrafluoroethylene) or other materials that 
resist the corrosive effects of chlorine, sulfite salts, sulfate salts and/or acids. Other 
designs of tank 15 are possible, such as, for example, a trench with a concrete base 
and or sidewalls. 

Tank 15 includes one or more apertures 20 for the delivery of the reduced 
salts to tank 15 and for the discharge of oxidized salts from tank 15. Alternatively, 
the reduced salt feed may be delivered through the top of the open tank 15 via a 
pipe. In one embodiment as shown, tank 15 has more than one aperture 20, 
including at least one inlet 25 and at least one outlet 30. Inlet 25 provides for the 
delivery of reduced salts to tank 15, and outlet 30 provides for the discharge of 
oxidized salts from tank 15. Each aperture 20, including an inlet 25 or outlet 30, 
can be positioned at any suitable location on tank 15. For example, Figure 1 depicts 
an inlet 25 located at an elevated position relative to outlet 30. The inlet 25 can also 
be structured to introduce reduced salt near the top or bottom of tank 15. 
Preferably, at least one inlet 25 and at least one outlet 30 are located at substantially 
the same elevation above the tank bottom and in a lower portion of tank 15, such as 
in the lower half of the tank. As will be appreciated by those skilled in the art, other 
means for delivering reduced salts into, and discharging oxidized salts from, tank 15 
are within the scope of the invention. In the illustrated embodiment, reactor 10 has 
a false floor 40. Such a false floor 40 can be perforated to facilitate the flow of 
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aqueous solution 35 in tank 15. In other embodiments, the reactor 10 omits that 
false floor 40. 

Tank 15 can contain a solution of one or more reduced salts, such as, for 
example, alkali or alkaline sulfite salts (e.g., sodium or calcium), magnesium and/or 
ammonium sulfite salts, and iron sulfate. Such salts can be dissolved and/or 
suspended in the aqueous solution. For example, in one embodiment, tank 15 can 
hold a quantity of an aqueous slurry 35 of suspended calcium sulfite solids in 
equilibrium with dissolved calcium sulfite in solution. The calcium sulfite is 
preferably about 5 to about 25 % (w/v) suspended solids, although greater and lesser 
concentrations are within the scope of the invention. More preferably, the calcium 
sulfite slurry is about 15% to 25% (w/v) suspended solids. The slurry 35 can 
further include a supersaturated slurry. The concentration of calcium sulfite in the 
slurry 35 in tank 15 can be adjusted by the introduction of water, aqueous calcium 
sulfite, another aqueous medium, or solid calcium sulfite. The pH of the calcium 
sulfite slurry 35 in tank 15 is preferably acidic, within the range of about 3 to about 
7. In a more preferred embodiment, the pH is between about 4.5 to about 5.5. The 
pH can be adjusted with any suitable acid, including, for example, sulfuric acid. 
The pH of the aqueous calcium sulfite slurry 35 can be monitored using any suitable 
sensor in fluid communication with tank 15. The pH of aqueous solution 35 can 
also be adjusted or maintained prior to its delivery to tank 15. As will be 
appreciated by the skilled artisan, the aqueous solution can also comprise a solution 
or slurry of other sulfite salts. 

As will be appreciated, other salts can be oxidized in reactor 10. For 
example, ferrous iron to ferric iron from mining wastes, can be oxidized in reactor 
10. Similarly, any reaction requiring dissolved oxygen are generally applicable. 

In some aspects, aqueous solution 35 optionally further includes a surfactant 
to enhance oxygen transfer to that solution. Surfactants can also be added to 
aqueous solution 35 to reduce bubble size and/or to reduce foaming of that solution. 
Suitable surfactants include, for example, sodium silicate or TEFLON 18 
(polytetrafluoroethy lene) . 
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Reactor 10 further includes a fine bubble generator that receives an inflow of 
gas 66. The gas 66 can be any suitable type of oxygen-containing gas, such as air. 
The fine bubble generator forms a stream of fine bubbles from gas 66 and 
introduces those bubbles into the aqueous solution 35. As used herein, the term 
"fine bubbles" means bubbles having a large surface area to volume ratio. The large 
surface area to volume ratio provides a high rate of oxygen transfer to the aqueous 
solution 35 in tank 15. Suitable surface area to volume ratios will be from about 5 
to about 10, although greater and lesser ratios are within the scope of the invention. 
Suitable bubble sizes will range from about 0.6 millimeters to about 1.2 millimeters, 
although greater and lesser sizes are within the scope of the invention. In some 
embodiments, the gas in the fine bubbles is introduced into the aqueous solution at 
substantially the same temperature as the ambient air adjacent the tank. 

Referring to Figure 1, one example of a fine bubble generator is depicted. 
The fine bubble generator includes draft tube 55 and rotor 60. As used herein, the 
term rotor can include a rotor with slots, apertures or teeth in the blades, such as an 
impeller. Rotor 60 can be driven by, for example, a generally centrally located and 
vertically oriented rotatable driveshaft 72. Driveshaft 72 is attached to a bearing 
assembly and drive motor 64. Other suitable mechanisms for driving rotor 60 are 
also possible and are within the scope of the invention. 

The rotor is optionally surrounded by a disperser 63, such as a fenestrated 
disperser, which is coaxially aligned with the drive shaft 72 and acts to facilitate 
shearing of gas bubbles and to eliminate excess turbulence within the tank 15. In 
other embodiments, the fine bubble generator does not include draft tube 55 and/or 
disperser 63. 

As will be appreciated by those skilled in the art, the size of the bubbles 
created by the fine bubble generator is controlled by a number of factors, including 
the rotor blade thickness, the rotational speed of the rotor 60, the size and depth of 
the rotor blades, and optionally, the diameter, area, location of any apertures in a 
disperser 63 and the thickness of that disperser. Optionally, rotor 60 can have holes 
or apertures located in the rotor blades to increase the gas bubbles formed by the 
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fine bubble generator. As rotor 60 rotates, it draws aqueous solution 35 into draft 
tube 55. The draft tube 55 directs that aqueous solution 35 upwardly towards the 
rotor 60. The rotation of rotor 60 also draws an oxygen-containing gas 65 into the 
top of rotor 60. That gas 65 becomes entrained in the aqueous solution 35 by the 
establishment of a vortex 66. As gas 65 becomes entrained in the liquid, bubbles 69 
are formed. Those bubbles 69 are can be further sheared as they pass through 
disperser 63 to form fine bubbles of oxygen-containing gas. 

The position of the fine bubble generator in tank 15 is preferably adjustable, 
such as by raising or lowering that generator in tank 1 5 or raising and lowering the 
liquid level in tank 15. The adjustment of the position of the fine bubble generator 
with respect to the surface of the aqueous solution 35 facilitates control of the 
amount of aeration and/or circulation of the aqueous solution 35. For example, if 
rotor 60 is raised towards the surface of the aqueous solution 35, the amount of 
aeration is increased. Similarly, if the rotor 60 is positioned deeper in the aqueous 
solution 35, the amount of aeration is decreased while the amount of pulp 
circulation is increased. 

In some aspects of the invention, the gas 65 can be introduced to rotor 60 
through a conduit extending through the driveshaft. In the reactor illustrated in 
Figure 1, a standpipe or downtube 90 delivers gas 65 to the rotor 60. Gas can also 
be introduced into reactor 10 by a separate pipe or tube (not shown). The inflow of 
gas 65 to the fine bubble generator can be assisted by any suitable gas transfer 
mechanism, such as, for example, a fan, blower, dual load compressor, oil 
compressor, water compressor or centrifugal-type blow dryer, that injects gas into 
the upper end of the draft tube 55 or the rotor 60. Referring to Figure 2, reactor 10 
includes a blower 80 connected to gas valve 85 by line 83. Blower 80 provides gas 
pressure equal to about 5-10 feet of water pressure. Other gas transfer mechanisms 
are possible, according to the depth of rotor 60 and the desired flow of oxygen- 
containing gas 66. 

The rotor 60 further constitutes a mixer to distribute the fine bubbles 69 into 
the aqueous solution 35 in the tank 15. As those bubbles 69 are distributed into the 
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aqueous solution 35, they facilitate a high rate of oxygen transfer to that solution. 
In general, the more thorough the mixing of fine bubbles 69 into aqueous solution 
35, the higher the rate of oxygen transfer to that solution. In other embodiments, the 
mixer can be some other mechanism for distributing bubbles into the aqueous 
solution 35. For example, the mixer can be a separate rotor, propeller or other 
mixing device that distributes fine bubbles 69 into the aqueous solution 35. 
Optionally, the mixer can further include draft tube 55, a disperser 63, and/or a 
perforated false floor 40 to more uniformly circulate aqueous solution 35. 

Referring to Figure 1, the mixer circulates the aqueous solution and 
distributes the bubbles into the aqueous solution. For example, the mixer can create 
a circulation path 70 that distributes the bubbles into the aqueous solution and 
directs the aqueous slurry and bubbles to flow outwardly and towards the walls of 
the tank 15. In this example, the reduced salt also flows along a circulation path 70. 
As will be appreciated by the skilled artisan, other circulation paths are possible. In 
some embodiments, the mixer keeps precipitated salts, such as for example, calcium 
sulfate, in suspension in the aqueous solution 35. Advantageously, the size of 
precipitated salt can increase as it flows along a circulation path. The mixer 
optionally reduces the accumulation of precipitated salts at the surface of the 
aqueous solution 35, such that the salts are substantially uniformly distributed in the 
aqueous solution 35. In another embodiment comprising a draft tube and false 
floor, the aqueous solution 35 flows along the circulation path through perforations 
in the false floor, into the draft tube, and to the mixer. 

Reactor 10 includes a flow diverter to increase the size of the zone of 
oxidation by directing the flow of fine bubbles and aqueous solution 35 further into 
tank 15. As will be appreciated by the skilled artisan, the selection and arrangement 
of flow diverters can control the size and location of the oxidation zone. In some 
embodiments, the oxidation zone can be 25 percent orf more of the volume of 
aqueous solution 35. Referring to Figure 2, a hood 75 and disperser 63 can increase 
the size of the oxidation zone by directing the flow of fine bubbles and aqueous 
solution 35 inwardly and toward the mixer. Referring to Figure 6, a flow diverter 
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can also constitute baffles 300 disposed about the fine bubble generator. Such 
baffles 300 extend at least partially between the fine bubble generator and the tank 
wall(s), or the baffles can fully extend from the fine bubble generator to the tank 
wall(s). Such baffles 300 are optionally generally vertically disposed. The flow 
diverter can optionally create a plurality of circulation paths. In other embodiments, 
either a hood 75, disperser 63 or baffles 300 alone can constitute a flow diverter. 

The fine bubble generator is optionally washed and thus kept clean of solids 
that would otherwise deposit on that generator. Washing also prevents the 
deposition of solids on the generator that can result from the formation and/or 
precipitation of the oxidized salt. In the illustrated example in Figure 1, rotor 60 
and disperser 63 constitute a washer that directs the flow of aqueous solution 35 
over the fine bubble generator. In operation, the washer directs the flow of the 
aqueous solution over critical surfaces of the fine bubble generator that are subject 
to solids deposition. That flow prevents the deposition of solids, such as for 
example, scale, sulfite salts or sulfate salts, on the generator. In another aspect, the 
washer agitates any precipitated salt so that it remains suspended in the aqueous 
solution and exerts an abrasive affect on the fine bubble generator, thereby 
removing any deposited solids from the generator. In other embodiments, the 
washer can be a rotor or other suitable device. 

Referring to Figure 3, another example of the reactor 10 is depicted. The 
reactor 10 includes a tank 200, rotor 203 and stators 201 . The rotor 203 is driven by 
a vertically to horizontally oriented hollow driveshaft 205. The driveshaft 205 is 
attached to a bearing assembly and motor 220. Gas 65 passes into an interior cavity 
of rotor 203 through aperture 209. In some embodiments, the gas can enter the 
inside of the rotor shaft through gas diffusers 210. In other embodiments, the rotor 
shaft lacks gas diffusers. The interior cavity preferably is formed at least in part of 
a gas permeable material, such as for example a perforated material. Aperture 209 
can be connected to any suitable gas transfer mechanism, such as, for example, a 
fan, blower, dual load compressor, oil compressor, water compressor or centrifugal- 
type blow dryer, that provides a flow of gas 66 into driveshaft 205. 
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The rotor 203 and stators 201 constitute the fine bubble generator. The 
rotation of rotor 203 creates a vortex that mixes gas 65 into aqueous solution 35. As 
gas is injected into that vortex from proximal end 208 of rotor 205, the gas 66 
becomes entrained in that solution and bubbles 69 are formed. Those bubbles are 
further sheared as they pass through stators 201 to form fine bubbles of oxygen- 
containing gas. The rotor 203 and stators 201 further constitute a mixer to distribute 
fine bubbles of oxygen-containing gas into the aqueous solution 35. Optionally, a 
draft tube (not shown) directs the flow of aqueous solution 35 to or from the rotor 
203 and stators 201. 

The fine bubble generator is optionally washed clean of solids that would 
otherwise deposit on that generator. The rotor 203 and stators 201 can further 
constitute the washer that directs the flow of the aqueous solution 35 over critical 
surfaces of the generator that are subject to solids deposition. That flow prevents 
deposition of solids, such as for example scale, calcium sulfite and calcium sulfate, 
on the generator. The washer also agitates any precipitated sulfate salt so that it 
remains suspended in the aqueous solution and exerts an abrasive affect on the fine 
bubble generator, thereby removing any deposited solids from the generator. 

In another aspect of the invention, a fluid level controller is optionally 
included in reactor 10. Such a controller monitors the level of the aqueous solution 
35 in tank 15. One or more sensing elements detect the level of the surface of the 
aqueous solution 35 and communicate a signal to a processor. According to the 
signal(s) from the sensing element(s), the controller can adjust reactor operation. 
For example, the controller can increase or decrease the amount of aqueous solution 
entering or exiting the reactor, the speed of the mixer, the amount of aeration, 
and/or the depth of the fine bubble generator in the aqueous solution. The fluid 
level controller can also be a foam sensing element in communication with a 
processing unit. When the foam reaches a defined height above the level of the 
aqueous solution 35, a signal is generated which can trigger the release of a 
defoaming agent to reduce the amount of foam. 
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In a further aspect of the invention, reactor 10 can include a tank 15 with any 
suitable configuration of fine bubble generators, mixers, washers, and optionally 
one or more flow diverters. For example, referring to Figure 4, reactor 10 includes 
a generally rectangular or circular tank 15, or a trench (not shown). Three rotors 60 
are driven by motor 64. Each rotor 60 is optionally surrounded by a coaxially 
extending diffuser 63 or other flow diverter. Draft tube 55 receives and directs the 
flow of aqueous solution 35 to the fine bubble generator. Standpipes 90 receive 
oxygen-containing gas 66 from gas transfer mechanism 80 through line 112. A 
reduced salt, such as an aqueous solution or slurry, enters tank 1 5 through inlet 25 
and oxidized salt is withdrawn through outlet 30. Other configurations of reactor 10 
are possible, as will be appreciated by those skilled in the art. 

In still another aspect, an oxidative reactor system facilitates the oxidation of 
one or more reduced salts to their oxidized form(s). One or more oxidative reactors 
can be connected in series and/or in parallel. This arrangement allows individual 
reactors to be taken off-line for maintenance and/or repair without the need to 
empty the system during such maintenance or repair. The system further provides a 
method for continuous processing of salts. 

Referring to Figures 5a and 5b, examples of continuous processing systems 
are depicted. Figure 5a depicts reactors 10 connected in series for serial processing 
of reduced salts. Reactors 10 are interconnected by lines 102, which provide fluid 
communication between those units. Line 101 connects the first reactor to any 
suitable source 100 of reduced, such as a slurry or solution containing reduced salt. 
Such a source can include a flue gas desulfurization scrubber or other pollution 
control equipment that produces reduced salt (e.g. y sulfite) in any form, including 
wet and dry forms. Other suitable sources of reduced salts will include storage 
ponds, landfills, mine leachates and the like. Each reactor 10 holds a quantity of 
aqueous reduced salt. As the aqueous salt moves from reactor to reactor, the 
amount of oxidized salt in the aqueous solution increases. As will be appreciated by 
those of skill in the art, by regulating the delivery of oxygen-containing gas in each 
reactor, the oxygenation of the aqueous solution, and the residence time of that 
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solution in each reactor, the efficiency of the oxidation process can be controlled. 
Line 108 connects the last reactor 10 to another component 110, such as, for 
example, a dewatering device, dryer or storage tank. Suitable dewatering devices 
can include, for example, a hydrocyclone or horizontal belt vacuum filter. Multiple 
dewatering devices can be connected in series and/or parallel. For example, the 
hydrocyclone can be used in a first stage of a dewatering process followed by 
drying on a filter. Optionally, a gas transfer mechanism (not shown) is in fluid 
communication with one or more reactors 10 to provide higher rates of gas delivery 
to reactors 10. 

Figure 5a also depicts an example of flow lines and valves which allow 
control the flow of aqueous solution to and from individual reactors 10. Flow lines 
105 and valves 106 provide a pathway for diverting the flow of aqueous solution 35 
to or from one or more reactors 10. For example, in some instances it can be 
desirable to bypass individual reactors for maintenance or repair. Similarly, 
additional reactors can be brought on-line to spare other reactors, to increase the 
efficiency of the oxidation process or to handle materials that have lower oxidation 
rates. 

Referring to Figure 5b, a parallel processing system is depicted. A suitable 
source 100 of salt 100, such as, for example, a flue gas desulfurization scrubber or 
other pollution control equipment, is in fluid communication with reactors 10 
through lines 101. Other suitable sources of reduced salts will include storage 
ponds and/or landfills. Valves 106 control the flow the aqueous solution to each 
reactor 10. Lines 108 provide for the discharge of sulfate from reactors 10. Lines 
108 are in fluid communication with another component 1 10, which can include a 
dewatering device or storage tank. As depicted in this example, a gas transfer 
mechanism 80 is in fluid communication with one or more reactors 10 through lines 
1 12 to provide higher rates of gas delivery to reactors 10. As will be appreciated 
by those skilled in the art, the system is not limited to the examples illustrated in 
these Figures 5a and 5b. 
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In another aspect of the invention, a method for oxidizing salts is provided. 
A reduced salt, such as for example calcium sulfite, is introduced into tank 15 of 
reactor 10. Such calcium sulfite is preferably an aqueous slurry of calcium sulfite 
within the range of about 5% to about 25% (w/v) suspended solids, although greater 
and lesser amounts are within the scope of the present invention. Other reduced 
salts, such as sodium, magnesium and/or ammonium salts or iron sulfate, can be 
introduced into tank 15 in any suitable concentrations, as will be appreciated by 
those skilled in the art. The reduced salt can optionally be delivered from an 
external storage vessel, from a scrubbing unit, such as for example, a magnesium- 
enhanced lime scrubber, a non-magnesium-enhanced scrubber or a limestone-based 
scrubber, or from another source of reduced salt, such as a storage pond, landfill or 
mine. If necessary, the pH of the aqueous solution 35 is adjusted to facilitate 
oxidation and/or precipitation of the sulfite to its sulfate form. For example, for 
calcium sulfite slurries, the pH can be adjusted to within the range of about pH 3 to 
7, more preferably to between about 4.5 to about 5.5. The pH of the aqueous 
solution 35 can be adjusted in the tank 15 by the addition of a suitable acid, such as, 
for example, sulfuric acid, or any suitable base. For some processing operations, it 
can be preferable to adjust the pH of aqueous solution 35 prior to its introduction 
into tank 15. 

In operation, a flow of fine bubbles of an oxygen-containing gas is delivered 
to the aqueous solution in the tank 15. For example, referring to Figure 1, as rotor 
60 rotates it also draws oxygen-containing gas 65 into standpipe 90 and aqueous 
solution 35 into the lower end of the rotor 60. Gas 66 becomes entrained into the 
aqueous solution 35 by the establishment of a vortex. As gas 66 is entrained in the 
aqueous solution 35, bubbles 69 are formed. Those bubbles 69 can be further 
sheared by the rotation of rotor 60 and, optionally, the flow of aerated aqueous 
solution 35 through disperser 63. Referring to Figure 3, rotor 203 and stators 201 
can also form and deliver a flow of fine bubbles to the aqueous solution. For 
example, the rotation of rotor 203 creates a vortex that mixes gas 65 into aqueous 
solution 35. As gas is injected into that vortex from proximal end 208 of rotor 203, 
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the gas 65 becomes entrained in that solution and bubbles 69 are formed. Those 
bubbles are further sheared as they pass through stators 201 to form fine bubbles of 
oxygen-containing gas. 

The bubbles 65 facilitate oxygen transfer to the reduced salt in solution 35. 
As the oxygen dissolves in that solution, it reacts with the salt and oxidizes its. For 
some oxidation processes, the oxidized salt can precipitate as it forms. For 
example, calcium sulfate can precipitate as it forms if the solution has reached its 
saturation point. Precipitation can be assisted by the presence of small particles or 
crystals in the aqueous solution 35. If the reduced salt in solution is in equilibrium 
with suspended solids, the solids will dissolve as the oxidized salt precipitates. In 
other oxidation processes, the reduced and oxidized salts are both dissolved in 
solution 35. 

In batch operations, substantially all of the reduced can be oxidized before 
the oxidized salt is discharged from the reactor. In a continuous processing mode, 
the conversion efficiency can be controlled by the surface area to volume ratio of 
the fine bubbles, the amount of oxygen introduced, the efficiency of oxygen transfer 
to the aqueous solution, the resulting partial pressure of oxygen in that solution, and 
the residence time in the reactor 10. 

The oxidation of reduced salt to its oxidized form can be enhanced by mixing 
the fine bubbles of oxygen-containing gas with the aqueous solution 35. Such 
mixing can provide a high rate of oxygen transfer to the aqueous sulfite solution 35. 
For example, in Figure 1 the rotor 60 and disperser 63 create a circulation path 70 
that distributes the bubbles throughout the aqueous solution 35 in tank 15. 

The fine bubble generator is optionally cleaned to prevent the deposition of 
solids on, and to aid in removal of such solids from, that generator. For example, 
cleaning can be effected by the circulation path 70 of aqueous solution 35. 
Cleaning occurs as aqueous solution 35, and optionally any precipitated salt, flow 
over the critical surfaces of the fine bubble generator. That flow prevents the 
deposition of solids on the generator. More particularly, any crystalline salt can 
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provide abrasion at the critical surfaces of the fine bubble generator to remove any 
solids deposited, or tending to deposit, on that generator. 

Following the conversion of the reduced salt to its oxidized form, the 
oxidized salt is withdrawn from reactor 10. In one aspect of the invention, the 
oxidized salt is then precipitated. In another aspect of the invention, the oxidized 
salt is dewatered, such as for example in a hydrocyclone, although other methods of 
dewatering are within the scope of the invention. The oxidized salt can be further 
dried on a filter, such as, for example, a horizontal belt vacuum filter. Alternatively, 
the oxidized salt is transferred to manufacturing or storage facilities for subsequent 
use or disposal. The method can also be suitably performed in accordance with 
other aspects of the reactors and/or systems, as described herein. 

Other embodiments of the present invention are exemplified in the following 
examples. These examples illustrate working principles of the present invention, 
although the present invention is not intended to be limited by or to these examples. 

Example J : 

Sulfur dioxide is scrubbed from the discharge of a thermal power plant using 
magnesium-enhanced lime, non-magnesium enhanced lime, or limestone-air 
scrubbers. The flue gas desulfurization process creates calcium sulfite, which is fed 
into an oxidative reactor system. The calcium sulfite is 0-60% oxidized before it 
enters the system. In the reactor, the aqueous slurry of calcium sulfite has a pH of 
about 5.5. The oxidative reactor uses air as the source of the oxygen-containing gas 
to generate fine bubbles within the range of about 0.6 to about 1.2 millimeters. 
Those bubbles are introduced into the aqueous calcium sulfite slurry to oxidize the 
sulfite to form a calcium sulfate slurry. After a residence time of between about 2-6 
hours, greater than 99% of the calcium sulfite is oxidized to calcium sulfate. 

Example 2: 

The blowdown from a flue gas desulfurization scrubber is fed to a series of 
oxidative reactors using blown air as the source of the oxygen-containing gas. The 
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oxidation of the calcium sulfite take place in the scrubber and in the reactor. 
Greater than 99% of the calcium sulfite is oxidized. 

Example 3 : 

A 3.5 liter reactor contains either 16% or 26% suspended calcium sulfite 
solids. Air is used as the source of the oxygen-containing gas to generate fine 
bubbles within the range of about 0.6 to about 1 .2 millimeters. Oxygen (in the air) 
is delivered to the aqueous calcium sulfite slurry at a rate of about 2 liters per 
minute, or about 28.5 g per hour. Oxygen is utilized to oxidize calcium sulfite to 
calcium sulfate at a rate of about 23 .8 g per hour, for an efficiency of 83%. 

Example 4: 

A 3.5 liter reactor contains 180 g/1 dissolved ammonium sulfite. Air is used 
as the source of the oxygen-containing gas to generate fine bubbles within the range 
of about 0.6 to about 1.2 millimeters to produce ammonium sulfate. Ammonium 
sulfite is reacted at a rate of 0.51 g/l/minute. 

Example 5: 

A 3.5 liter reactor contains 46 g/1 dissolved magnesium sulfite. Air is used as 
the source of the oxygen-containing gas to generate fine bubbles within the range of 
about 0.6 to about 1.2 millimeters to produce magnesium sulfate. Magnesium 
sulfite is reacted at a rate of 1.35 g/l/minute. 

Example 6: 

Calcium sulfite, such as from a land fill or pond, is slurried with water or 
with scrubber blowdown material in a mix tank. The resulting slurry is fed to an 
oxidative reactor. The oxidation of calcium sulfite to calcium sulfate takes place in 
the reactor, where greater than 99% of the calcium sulfite is oxidized to calcium 
sulfate. 
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Example 7: 

An aqueous solution of magnesium, ammonium, and/or sodium sulfite is 
introduced to an oxidative reactor, which has a fine bubble generator and a mixer. 
A flow diverter comprising baffles directs the flow of aqueous solution inwardly 
and towards the mixer, so as to form a circulation path. As the oxygen from the fine 
bubbles reacts with the sulfite salt, sulfate salts are formed. After the oxidation 
reaction is substantially complete, the aqueous solution is withdrawn from the 
reactor, and the sulfate salts are precipitated from that solution 

Having thus described in detail the preferred embodiments of the present 
invention, it is to be understood that the invention defined by the appended claims is 
not to be limited by particular details set forth in the above description, as many 
apparent variations thereof are possible without departing from the spirit or scope 
thereof. 
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CLAIMS 

We claim: 

1. An oxidative reactor to support the formation and precipitation of calcium 
sulfate from calcium sulfite, said reactor comprising: 

a tank, having walls and a bottom, for holding an aqueous slurry of 
calcium sulfite; 

an inlet in said tank for delivery of said aqueous slurry from a source 
thereof to said tank; 

a fine bubble generator in fluid communication with said aqueous 
slurry for introducing fine bubbles of an oxygen-containing gas into said 
aqueous slurry; 

a flow diverter within said tank to reduce rotation of said aqueous 
solution in said tank; and 

a mixer in said tank to distribute said bubbles into said aqueous slurry 
and to maintain the circulation of said aqueous slurry and bubbles in said 
tank; 

whereby a circulation path for said aqueous slurry and bubbles is 
created in said tank defining an oxidation zone occupying a significant 
volume of the tank, and said precipitated calcium sulfate circulates in said 
circulation path. 

2. The reactor according to claim 1, 

wherein said gas is air. 

3. The reactor according to claim 2, 

wherein said air in said fine bubbles is introduced into the slurry at 
substantially the same temperature as the ambient air temperature adjacent 
said tank. 

4. The reactor according to claim 1, further comprising: 

a rotor rotatable in said tank and constituting at least part of said fine 
bubble generator and said washer. 

5. The reactor according to claim 4, 
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wherein said rotor constitutes said mixer. 

6. The reactor according to claim 4, 

wherein said rotor has an interior cavity, is formed at least in part of 
gas permeable material defining said cavity, receives gas under pressure at 
said cavity, and constitutes at least part of said fine bubble generator. 

7. The reactor according to claim 4, further comprising: 

a stator assembly around said rotor defining flow paths for said 
aqueous slurry and constituting at least part of said mixer. 

8. The reactor according to claim 1, further comprising: 

a standpipe mounted above said fine bubble generator for delivering 
said oxygen-containing gas to said fine bubble generator. 

9. The reactor according to claim 1, further comprising: 

a washer for cleaning said fine bubble generator of solids that result 
from the formation and precipitation of said calcium sulfate. 

10. The reactor according to claim 9, further comprising: 

a draft tube mounted below said mixer for directing the flow of said 
aqueous slurry to said fine bubble generator and said mixer, said draft tube 
constituting at least part of said flow diverter. 

11. The reactor according to claim 10, further comprising: 

a false floor positioned below said draft tube; 

whereby said draft tube and false floor together constitute at least part 
of said flow diverter. 

12. The reactor according to claim 1, further comprising: 

an outlet in said tank for discharge of sulfate compounds from said 
tank, said inlet and said outlet positioned at spaced locations around said 
tank, but at substantially the same elevation from said tank bottom. 

13. The reactor according to claim 1, 

wherein said tank has a top at least partially vented to the atmosphere, 
whereby the reaction of oxygen and sulfite compounds to form sulfate 
compounds is an exothermic reaction generating heat and said partially open 
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top releases said gas and heat from said reactor to the atmosphere and 
facilitates adiabatic cooling of said aqueous slurry. 

14. The reactor according to claim 1, 

whereby the size of said precipitated sulfate compounds increases as 
said precipitate flows along said circulation path. 

15. An oxidative reactor system for oxidizing salts in an aqueous solution, said 
system comprising: 

at least one tank, having walls and a bottom, for holding said aqueous 
solution of a reduced salt; 

at least one inlet in said tank for delivery of said solution from a 
source thereof to said tank; 

at least one fine bubble generator in fluid communication with said 
solution for introducing fine bubbles of an oxygen-containing gas into said 
solution; and 

at least one flow diverter within said tank to reduce rotation of said 
aqueous solution in said tank; and 

at least one mixer in said tank to distribute said bubbles into said 
aqueous slurry and to maintain the circulation of said aqueous solution and 
bubbles in said tank; 

whereby at least one circulation path for said aqueous solution and 
bubbles is created in said tank defining an oxidation zone occupying a 
significant volume of said tank, and said oxidized salts flow along said at 
least one circulation path. 

16. The system according to claim 15, further comprising: 

at least one scrubber constituting said source of said aqueous solution. 

17. The system according to claim 15, further comprising: 

at least one washer for cleaning said fine bubble generator of solids 
that result from the formation of said oxidized salt. 

18. The system according to claim 15, 

wherein said gas in said fine bubbles is introduced into said aqueous 
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solution at substantially the same temperature as the ambient air temperature 
adjacent said at least one tank. 

19. The system according to claim 15, 

wherein said aqueous solution is an aqueous slurry of calcium sulfite. 

20. The system according to claim 15, further comprising: 

at least one dewatering device for removing water from said sulfate 
salt discharged from said tank. 

21 . The system according to claim 20, 

wherein said at least one dewatering device is a hydrocyclone. 

22. The system according to claim 20, further comprising: 

a second dewatering device downstream of said at least one 
dewatering device. 

23. The system according to claim 22, 

wherein said second dewatering device comprises a vacuum filter. 

24. A method for formation of oxidized salts from an aqueous solution of salts, 
comprising: 

providing a tank having an inlet; 

introducing an aqueous solution containing a reduced salt to said tank; 

delivering a flow of fine bubbles of an oxygen-containing gas to said 
tank via a fine bubble generator; 

mixing said bubbles and said solution to distribute said bubbles into 
said aqueous solution to provide a high rate of oxygen transfer to said 
aqueous solution; 

reducing the rotation of the aqueous solution in said tank; and 

oxidizing said salt to its oxidized form; and 

circulating said aqueous solution and said bubbles in said tank, 
whereby said oxidized salt is substantially uniformly distributed in said 
aqueous solution. 

25. The method according to claim 24, 

providing air as said gas. 
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26. The method according to claim 24, 

providing said gas at substantially the same temperature as the 
ambient air temperature adjacent said tank. 

27. The method according to claim 24, further comprising: 

adjusting the pH of said aqueous solution to between about 3 and 
about 7. 

28. The method according to claim 24, further comprising: 

providing said aqueous solution from a scrubber. 

29. The method according to claim 28, further comprising: 

desulfurizing flue gas in said scrubber to form a reduced salt 
comprising a sulfite. 

30. The method according to claim 24, further comprising: 

cleaning said bubble generator of solids tending to accumulate on said 
generator. 

31. The method according to claim 24, further comprising: 

dewatering said oxidized salt. 
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William J. Sapone, Reg. No. 30^1-8; Matt W. Carson, Reg. No. 33?662; 
Stephen A. Littlefield, Reg. No. 27.923 : J. Albert Riddle, Reg. No. Darryl M. Springs, Reg. 

No. 24J29; Michael Polacek, Reg. No. 32,749; Brian S. Welborn, Reg. No. 39^5 



all of 



and 



COLEMAN .SHQQL-SAPONE, P C. 
714 ColoradqAvsE 




Baker Hughes Incorporated 
669 West 200 South 
Salt Lake City, UT 84101 



Direct all telephone calls to: 


R. Neil Sudol 


at Telephone No. (203) 366-3560 


Address all correspondence to: 


R. Neil Sudol 


at 


COLEMAN SUDOL SAPONE, P.C. 
714 Colorado Avenue 
Bridgeport, CT 06605-1601 
United States of America 
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I (we) hereby declare that all statements made herein of my (our) own knowledge are true, and that all 
statements made on information and belief are believed to be true; and further that these statements 
were made with the knowledge that willful false statements and the like so made are punishable by fine 
or imprisonment, or both, under Section 1001 of Title 18 of the United States Code and that such 
willful false statements may jeopardize the validity of the application or any patent issued thereon. 



Full name of sole or first inventor: . 


WISDOM, Todd^, 




2632 E. Chalet Circle, Sandy, Utah 84093 


Post Office Address: 




Country of Citizenship: 


United States of America 








Date 


Jiiventor's Signature 


J -fTO 


Full name of second inventor: . . 


WEBER 2 _A&a 9 j:. 




1045 E. Chevy Chase Dr., Holladay, Utah , 
84117 " tj) li 






Country of Citizenship: 


United States of America 


z/ /a 2 - 


AnA ^ " 


Date 


Inventor's Signature 




Full name of third inventor: . . . 












Country of Citizenship: 






Date 


Inventor's Signature 
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